We isolated a full-length cDNA clone for the zebrafish homologue of fibroblast growth factor receptor (FGFR) 2. The deduced protein sequence is typical of vertebrate FGFRs in that it has three Ig-like domains in the extracellular region. The expression of fgfr2 is initiated during epiboly in the paraxial mesoderm. During early somitogenesis, fgfr2 expression was noted in the anterior neural plate as well as in newly formed somites. Whereas fgfr2 expression in somites is transient, it increases in the central nervous system (CNS), i.e. in the ventral telencephalon, anterior diencephalon, midbrain, and respective rhombomeres of the hindbrain, from the mid-somitogenesis stage. The dorsal telencephalon and the region around the midbrain-hindbrain boundary are devoid of fgfr2 expression. Essentially the same expression pattern is observed until 48 h post-fertilization in the CNS, although rhombomeric expression in the hindbrain is progressively confined to narrower stripes. After somitogenesis, fgfr2 expression was also observed in the lens, hypochord, endoderm, and fin mesenchyme. We compared the expression of the four fgfr genes ( fgfr1-4) in the CNS of zebrafish embryos and show that fgfr1 is the only fgfr gene that is expressed in the dorsal telencephalon and isthmic region from which expression of fgfr2-4 is absent. q
1. Results and discussion 1.1. Cloning and structural analysis of the cDNA for the zebrafish fgfr2 gene FGFRs are high-affinity receptors for fibroblast growth factors (FGFs) that constitute a family of more than 20 polypeptides. FGF signaling via FGFRs is implicated in diverse biological processes including embryogenesis and adult homeostasis (Ornitz and Itoh, 2001) . Four vertebrate FGFR genes are known, which have distinct but overlapping patterns of expression during development (Green et al., 1996) . Mutations in the genes for FGFR1, FGFR2, and FGFR3 have recently been implicated in a number of human craniosynostosis and dwarfism syndromes, and the molecular consequences of these mutations are beginning to be understood (McIntosh et al., 2000) . However, despite the accumulation of data on this topic, the roles of the respective fgfr genes in vertebrate development are poorly understood. In zebrafish, expression of only two fgfr genes, fgfr3 and fgfr4, has been reported to date (Thisse et al., 1995; Sleptsova-Friedrich et al., 2001) . Expression of fgfr2 has been examined in the embryos of several vertebrate species, such as amphibians and mice, although expression during early embryogenesis was not fully defined (Orr-Urtreger et al., 1991; Friesel and Brown, 1992; Peters et al., 1992; Shi et al., 1994; Golub et al., 2000) .
In this study we isolated a partial cDNA clone for the zebrafish fgfr2 gene using nested RT-PCR with degenerate primers. Using this cDNA as a probe, we screened a cDNA library that was constructed from zebrafish embryos at 25-26 h post-fertilization (hpf). A protein of 815 amino acids (aa), which was deduced from the sequence of the longest cDNA clone, encoded (in order from the N-terminus) a signal sequence, three Ig-like domains, a transmembrane domain, and a split tyrosine kinase domain, which are typical features of FGFRs (Fig. 1) . A BLAST search of the database showed that the deduced protein corresponds to the vertebrate FGFR2c, which is one of the two splice variants of FGFR2. Actually, we also obtained a cDNA Fig. 1 . Comparison of the zebrafish FGFR2 sequence with those of other vertebrates. The deduced amino acid sequence of the zebrafish FGFR2 is aligned with the human, chick, and Xenopus FGFR2c sequences. Residues marked with asterisks are conserved among the FGFR2 proteins. The cysteine residues that are conserved in all the FGFR2s are marked with solid circles. Hyphens represent gaps that were introduced to maximize similarities. The signal sequence, three Ig-like domains (Ig I-III), acid box, transmembrane domain (TM), and split tyrosine kinase domain (PTK I, II) are marked with light-blue, green, red, darkblue, and orange boxes, respectively. Sequence identities to the zebrafish FGFR2 are shown at the ends of the respective sequences. The sequence that is specific to FGFR2c and substituted with a different sequence in putative zebrafish FGFR2b is shown by underlines (see text).
clone for another form of FGFR2 whose C-terminal half of the third Ig-like domain (IgIII) shows a sequence of 45 aa instead of 47 aa for the FGFR2c described above (Fig. 1) , which is more similar to the equivalent regions of FGFR2b of other vertebrates (unpublished data). Besides the isoform-specific region, this cDNA clone showed the same sequence, suggesting that the second form is derived from a splicing variant of fgfr2 that encodes the zebrafish FGFR2b.
Expression of fgfr2 in zebrafish embryos
Northern blot analysis showed little maternal expression of fgfr2, while zygotic expression started at 6-10 hpf (data not shown). In order to know the expression of fgfr2 in embryos, we conducted whole-mount in situ hybridization (WMISH) using the full-length cDNA for FGFR2c. We also used the probes specific to the two FGFR2s (FGFR2b and FGFR2c), though we failed to obtain reliable staining and discriminate the expressions of the two splice variants probably because the probes were too short for detection of the transcripts (134 and 140 bp, respectively).
fgfr2 expression is first detected at 90% epiboly by WMISH in the paraxial mesoderm ( Fig. 2A) . At the bud stage, fgfr2 is expressed in the anterior brain as well as in the paraxial mesoderm (Fig. 2B ). fgfr2 expression continues at early stages of somitogenesis in the paraxial mesoderm, which includes the newly formed somites. At this stage, fgfr2 is also expressed in the mesenchyme underlying the fgfr2-expressing somites, which might correspond to the developing gonads (Fig. 2C ,H,I; Weidinger et al., 2002) . Besides the mesoderm, fgfr2 expression is also observed in the central nervous system (CNS), which include the forebrain plus the optic vesicles, the midbrain, and three transverse stripes in the hindbrain (Fig. 2C ). Somitic fgfr2 expression is restricted to the most anterior 5-6 somites during early somitogenesis, as is shown by the somitic expression of fgfr2 at the 10-somite (Fig. 2I ). Somitic expression of fgfr2 is transient, since it disappears by the 15-somite stage and is not detected later during development, while fgfr2 expression in the underlying mesenchyme persists at the late somitogenesis stage (data not shown).
The expression of fgfr2 in the brain is essentially unchanged from the late somitogenesis (18 hpf) through the early pharyngula (24 hpf) stages (Figs. 2D-F,J and 3B,F). In the anterior region, fgfr2 is expressed in the ventral telencephalon as well as in the anterior/ventral diencephalon, while the posterior/dorsal diencephalon displays low levels of fgfr2 expression. In the midbrain, fgfr2 expression is strong in the anterior half, but weaker in the posterior region. Up to seven stripes are seen in the hindbrain at 24 hpf. The first, fourth, and sixth stripes are the most strongly stained, and probably correspond to the three stripes that are observed at the earlier stages (Fig. 2C,D) . Two-color WMISH with krox20, which is expressed specifically in rhombomeres 3 and 5 (r3 and r5; Oxtoby and Jowett, 1993) , showed that the fgfr2 stripes correspond to the respective rhombomeres (Fig. 2K) . The fgfr2 gene is also expressed in the ventral ventricular zone of the hindbrain and anterior spinal cord (Fig. 2M,N) . Importantly, the isthmic region lacks fgfr2 expression. Expression of fgfr2 is also seen in the CNS in a similar way at 36 hpf (data not shown) and 48 hpf (Fig. 2G) , although it gradually becomes confined to sharper stripes in the hindbrain and to the ventricular zones in the forebrain and midbrain.
In addition to the CNS, expression appears in the lens by 24 hpf (Fig. 2E,F, see also Fig. 3F ), the prospective gut endoderm (Fig. 2L,N) , and the hypochord (Fig. 2L,N) . At this stage, when the lens is spherical but no histological differentiation is apparent (Easter and Nicola, 1996) , fgfr2 is expressed in the entire lens structure (Fig. 2O) . Lensspecific expression disappears by 48 hpf, when the lens is characterized by a core surrounded by surface epithelial cells. Meanwhile, by 48 hpf, fgfr2 expression has appeared at the bottom of the pectoral fin (Fig. 2G ).
Expression of the fgfr genes in the CNS of zebrafish embryos
Since FGF signaling plays an important role in the establishment of the midbrain-hindbrain boundary (MHB; Shamim et al., 1999) as well as in the organizer activity of the MHB/isthmic region (Crossley et al., 1996) , we examined the expression of the fgfr genes around the MHB region at 24 hpf. Expression of fgfr2 is detected in most regions of the midbrain and in the r1 of the hindbrain as described above, but is absent from the posterior-most midbrain and the anterior-most r1 (Fig. 3B,F) . This pattern of expression is complementary to that of pax2.1 (Fig. 3J) , which confirms that the pax2.1-positive MHB region (Krauss et al., 1991) is devoid of fgfr2. Both fgfr3 and fgfr4 are expressed in the posterior end of r1 (Fig. 3C,D) , as was reported previously (Thisse et al., 1995; SleptsovaFriedrich et al., 2001) , and show a relatively wide negative r1 region posterior to the pax2.1-positive MHB region (Fig.  3K,L) . This finding was confirmed by two-color WMISH for fgfr2 and fgfr3 or for fgfr2 and fgfr4 (Fig. 3G,H) . Despite its rather ubiquitous expression in the CNS, fgfr1 is expressed at relatively high levels in the MHB region (Fig. 3A,E) . The fgfr1 stripe at the MHB is similar to that seen for pax2.1 expression, although it is slightly displaced towards the posterior region (Fig. 3I) . Taken together, fgfr1 is the only member of the zebrafish fgfr gene family that is expressed in the isthmic region.
In addition, fgfr1 is expressed in the entire telencephalon in contrast to fgfr2, fgfr3, and fgfr4; fgfr3 is not expressed in the telencephalon (Sleptsova-Friedrich et al., 2001 , see also Fig. 3C ), while fgfr2 (this study) and fgfr4 (Thisse et al., 1995 ; see also Fig. 3D ) are expressed exclusively in the ventral telencephalon. Thus, fgfr1 is the only fgfr that can transmit the FGF signal in the dorsal telencephalon. In the midbrain, fgfr3 expression is negative, and fgfr4 is is expressed in the forebrain, optic vesicles, and midbrain. In the hindbrain, fgfr2 expression is visualized as three transverse stripes. fgfr2 is also expressed in the newly formed somites (arrow) and underlying mesenchyme cells (arrowhead). (D) At 18 hpf, fgfr2 is expressed strongly in the anterior forebrain, midbrain, and hindbrain. The expression in the hindbrain consists of three transverse stripes. (E,F) At 28 hpf, fgfr2 is expressed in the ventral telencephalon, anterior diencephalon, midbrain, hindbrain, and lens (arrowheads). In the hindbrain the expression is seen in respective rhombomeres, among which r1, r4 and r6 show most striking expression. Meanwhile, fgfr2 expression is absent from the MHB region. (G) The pattern of fgfr2 expression is essentially the same in the CNS at 48 hpf, although expression is confined to the ventricular zone in the forebrain and midbrain, and to the sharper stripes in the hindbrain. In addition to the CNS, fgfr2 is expressed in the mesenchyme that flanks the entire brain (arrowheads) and at the base of the pectoral fins (arrow), while expression is absent from the lens. expressed weakly in the anterior tectum, showing that fgfr1 and fgfr2 are the main FGF receptor genes that are expressed in the midbrain.
Experimental procedures

Animals
Zebrafish embryos were raised at 28.5 8C until they reached appropriate stages. Morphological features and the number of hours post-fertilization (hpf) were used to determine the stage of the embryos (Kimmel et al., 1995) .
Reverse transcription-polymerase chain reaction (RT-PCR) and cDNA cloning
The cDNA was prepared by reverse-transcribing total RNA from 12-hpf embryos with an oligo(dT) 17 primer and M-MLV reverse transcriptase (Gibco BRL). Amplification of fgfr cDNA was performed by nested PCR using degenerate primers that were designed based on the three highly conserved amino acid sequences among vertebrate FGFRs (i.e. HKNIIN, EYLDL, and EGHRMD). Screening of the cDNA library from zebrafish 25-26-hpf embryos was performed by hybridization as described previously (Church and Gilbert, 1984) using the partial fgfr cDNA, which was obtained by RT-PCR. The nucleotide sequences of the cDNAs for FGFR2b and FGFR2c were deposited with the accession numbers AB094118 and AB084105, respectively, in the DDBJ/EMBL/GenBank databases. Full-length or partial cDNA clones for fgfr1, fgfr3, and fgfr4 were also obtained, which was confirmed by comparison with the sequences deposited in the database ( fgfr1, AF389400; fgfr3, AF157560; fgfr4, U23839), and used for in situ analyses.
Whole-mount in situ hybridization
Whole-mount in situ hybridization was performed essentially as described previously (Schulte-Merker et al., 1992) . (A,E) fgfr1 expression is rather ubiquitous, and particularly strong in the anterior brain and at the MHB. (B,F) fgfr2 expression is seen in the ventral telencephalon, anterior diencephalon, midbrain, and hindbrain. The expression in the hindbrain is seen in respective rhombomeres, among which the first, fourth, and sixth stripes are more strongly stained than the others are. (C) fgfr3 is expressed mainly in the diencephalon and posterior r1. (D) fgfr4 is expressed in the ventral telencephalon, diencephalon, midbrain, and posterior r1. (G-L) Two-color WMISH was performed using digoxygenin-labeled (blue) and fluorescein-labeled (red) probes. (G,H) fgfr2 is expressed in the midbrain and r1, except in the vicinity of the MHB, whereas the expression of fgfr3 and fgfr4 is seen at the posterior end of r1, but is absent (fgfr3) or at a reduced level (fgfr4) in the anterior tectum. (I) The fgfr1 domain overlaps with the pax2.1 domain at the MHB, although it is slightly displaced caudally. (J) fgfr2 expression and the pax2.1 domain are complementary at the MHB. (K,L) The anterior and central domains of r1 are negative for fgfr3/4 expression. MHBs are shown with asterisks. Strong expression of the fgfr genes in r1, r4, and/or r6 is also marked (r1, r4, r6). T, telencephalon; D, diencephalon; M, midbrain; H, hindbrain. Scale bars: 100 mm.
